We report the detection of early (60-230 s) optical emission of the gamma-ray burst afterglow of GRB 071010B. No significant correlation with the prompt g-ray emission was found. Our high time resolution data combining with other measurements within 2 days after the burst indicate that GRB 071010B is composed of a weak early brightening ( ), probably caused by the peak frequency passing through the optical wavelengths, followed a ∼ 0.6 by a decay ( ), attributed to continuous energy injection by patchy jets. a ∼ Ϫ0.51
INTRODUCTION
With the launch of the Swift g-ray explorer (Gehrels et al. 2004) in late 2004, great progress has been made in the study of early optical afterglow of gamma-ray bursts (GRBs). Two broad classes have been proposed (Vestrand et al. 2006) for the optical emission detected during the first few minutes after a GRB: (1) prompt optical emission correlated in time with the prompt g-ray emission (e.g., GRB 041219 and GRB 050820a; Vestrand et al. 2005 Vestrand et al. , 2006 ; (2) early optical afterglow after the g-ray emission (e.g., GRB 990123 and GRB 050401; Akerlof et al. 1999; Rykoff et al. 2005) .
The standard relativistic blast wave ("fireball") model (e.g., Sari & Piran 1997a; Meśzaŕos 2002 ) attributes the prompt gray emission to the internal shocks in the ultrarelativistic jet generated by the central engine (Narayan et al. 1992; Rees & Meśzaŕos 1994; Sari & Piran 1997b) . The prompt optical emission is known to vary simultaneously with the prompt g-ray emission, indicative of their common origin. The early optical afterglow, on the other hand, is considered to arise from interaction between the internal shocks and the surrounding medium (so-called "external shocks"; Rees & Meśzaŕos 1992; Meśzaŕos & Rees 1993; Katz 1994; Sari & Piran 1995) . The early optical afterglow may start during the prompt g-ray emission, and persist for 10 minutes or longer after the prompt gray emission has faded. So far, only GRB 050820a has been observed to show a temporal correlation between the two dif-ferent optical components. Such a correlation suggests that the early afterglow is associated with the impulsive energy released by the prompt emission, which is consistent with what is expected in the fireball model for an external forward shock. Fast photometry in the early phase of emission is therefore important to reveal the two optical components and to study the interaction of the GRB ejecta with the surrounding medium.
In this Letter, we report on our high time resolution detection of the optical emission of GRB 071010B in the first few minutes with the TAOS (Taiwanese-American Occultation Survey) telescopes (Alcock et al. 2003; Chen et al. 2007 ).
THE TAOS OBSERVATION AND RESULTS
The TAOS system consists of an array of four robotic telescopes, TAOS-A, TAOS-B, TAOS-C, and TAOS-D, with separations ranging from 6 to 65 m. Each telescope has a 50 cm aperture imaging to a corrected Cassegrain focus at f/1.9 with a 5000-7200 passband. Each telescope is equipped with å A Spectral Instruments Series 800 CCD camera with a 2048 # 2052 E2V CCD 42-40 chip with two readout channels. The optical system gives a 3 deg 2 field of view. More details about the TAOS telescope system are described by Lehner et al. (2008) . The main scientific goal of the TAOS project is to detect and characterize the small (a few km across) objects beyond Neptune, but the robotic system is well suited to respond efficiently to GRBs.
Upon arrival of a GCN alert, the TAOS scheduler daemon makes the decision whether to interrupt the regular observing session to follow up on the GRB, based on the observability of the target, duplicate packets, alert retracted by the GCN, etc. Currently the TAOS system responds to, weather permitting, any GRB above 25Њ elevation, within 2 hours of the burst. The advantage of the TAOS system for the GRB studies is its capability to respond rapidly to an alert with fast photometry. This allows us to study early optical behavior of a GRB. Currently our system can point to the burst coordinates provided by Swift in less than 30 s and start observing. A GRB alert is followed up for 30 minutes, with each TAOS telescope taking a different exposure time, i.e., with different cadences between telescopes, from a fraction of a second to tens of seconds. Targets brighter than mag can be readily detected. This R ∼ 18 setup of multiple telescopes taking different exposure times maximizes the chance to detect various types of GRB optical (Markwardt et al. 2007) . Suzaku WAM also detected the main spike (Kira et al. 2007 ; Y. Urata et al. 2008, in preparation) .
A bright X-ray afterglow was detected by the Swift X-Ray Telescope (XRT) 6800 s after the burst (Kennea et al. 2007 ). In addition, a bright optical afterglow was detected by several ground-based telescopes (Oksanen 2007; Kann et al. 2007a; Im et al. 2007a; Kocevski et al. 2007; Xin 2007; Klunko et al. 2007; . The spectral measurements of the afterglow by the Gemini North telescope (Cenko et al. 2007 ) and Keck telescope (Stern et al. 2007 ) indicate a redshift of for this event. A jet break was z p 0.947 also detected with late-time observations (Kann et al. 2007c; Im et al. 2007a; Y. Urata et al. 2008, in preparation) .
The TAOS telescopes began to observe GRB 071010B about 38 s after the GCN alert-or 52 s after the burst. A sequence of 1, 5, and 25 s exposures were taken, respectively, by TAOS-A, TAOS-B, and TAOS-D. The sky conditions were favorable but observations were terminated after 3 minutes because of the twilight shutdown set by the scheduler. Such a constraint has since been lifted to allow completion (30 minutes) of a GRB follow-up, with the fourth TAOS telescope now designated to take 0.25 s data.
The images were processed by a standard routine including bias subtraction and flat-fielding using IRAF. Detection was clearly seen in the individual images of TAOS-B and TAOS-D, but not in TAOS-A. The images of TAOS-A were co-added to increase the signal-to-noise ratio in the analysis. The DAO-PHOT package (Stetson 1987) was then used to perform pointspread function (PSF) photometry. In each image, six stars around the GRB position were used to create the PSF model. For photometric calibration, we used nine reference stars ( ) in the GRB field given by Henden 0.29 ! V Ϫ R ! 0.61 (2007). Our photometric results, including those of individual images by TAOS-B (Fig. 1) , decl. p ϩ45Њ34Ј54.38Љ, R2 p 15.12 mag). The detection threshold was that an object must have at least 3-10 connected pixels and a flux in excess of 1.5 times the local background noise. The MAGAPER estimator in SExtractor was used to determine the magnitude of the source. The TAOS camera employs a broad, nonstandard filer, with an effective wavelength close to standard R (Lehner et al. 2008) . Zero point transformation to standard R can be effected with a deviation of ∼0.007 to the result in Henden (2007) . Figure 2 shows the optical light curves of GRB 071010B taken by the three TAOS telescopes during 60-230 s after the burst. Our data from three telescopes showed consistently a mild increase in flux, with a best-fit power-law index a p ( p 1.15 for ), defined by , 2 a 0.10 ‫ע‬ 0.07 x /n np 26 F(t) ∝ t where F is the flux at time t after the burst. Following this mild brightening, GRB 071010B appeared to show a shallow decay ( ) during 1020-21,600 s after the burst (Tema ∼ Ϫ0.48 pleton et al. 2007). To combine our TAOS measurements with GCN reports covering up to 2 days after the burst (Oksanen 2007; Kann et al. 2007b; Kocevski et al. 2007; Im et al. 2007b; Klunko et al. 2007; Antonyuk et al. 2007) , we recalibrated all the data using the reference stars in Henden (2007) in the GRB 071010B field. The data of Oksanen (2007) and Im et al. (2007b) Klunko et al. (2007) , and Antonyuk et al. (2007) is 0.227 mag fainter than that given by Henden. The entire, rescaled light curve, covering from 1 minute to almost 2 days after the burst, was then fitted with a broken power-law function,
, where is the break * Ϫa Ϫa and is the flux at (Beuermann et al. 1999) . Figure 2 with TAOS data only.
DISCUSSION AND CONCLUSIONS
The TAOS light curve was compared with the g-ray observations for possible temporal correlation. The preliminary highlevel BAT data (15-350 keV), downloaded from the Swift Data Center (SDC), 11 were binned to 5 s in order to compare with the TAOS-B 5 s data set (Fig. 4) . The optical and g-ray light curves appear quantitatively similar. In particular the optical brightening during 80-140 s after the burst seems to correspond to the weak, third peak at 95 s in the BAT light curve reported by Markwardt et al. (2007) . The g-ray signal was, however, already too weak in this time interval for the optical emission to be the counterpart of the prompt g-ray emission.
The early optical emission of GRB 071010B, with a brightening followed by a shallow decay, is unusual. The initial deceleration of the fireball by the reverse shock would produce a bright peak, such as observed in the well-known GRB 990123, which exhibited a sharp brightening of ∼3 mag within 25 s, until 50 s after the burst (Akerlof et al. 1999) . The reverse shock is short-lived and subsequent cooling results in a fast decay, e.g., for GRB 990123 (Akerlof et al. 1999 ). a ∼ Ϫ2.5 ). The reverse shock therefore should not a ∼ Ϫ0.51 2 be responsible for the optical emission that we detected.
Electrons accelerated in the shock emit synchrotron radiation. As the fireball slows down, the synchrotron peak frequency moves progressively to a lower frequency. The optical 11 See http://heasarc.gsfc.nasa.gov/docs/swift/sdc/data_products.html.
weak brightening that we detected could arise when the synchrotron peak frequency passed through the optical wavelengths. The optical light curve of the forward-shock emission is expected to show an initial rising ( ), followed by a normal 2001). The decay phase in GRB 071010B therefore cannot be well explained by the standard afterglow model. Without spectral or other multiband measurements in the early phase of GRB 071010B, it is not possible to verify whether the brightening was indeed caused by the synchrotron peak frequency, but even if it was, an additional mechanism is probably needed to account for the shallow decay after the brightening. GRB 071010B was detected to have a jet break (Kann et al. 2007c; Im et al. 2007c; Y. Urata et al. 2008, in preparation) , suggesting a viewing angle nearly along the jet axis. This excludes the possibility that a tail of prompt emission combined with an afterglow could produce a shallow decay when observing outside the edge of the jet (Eichler & Granot 2006) in GRB 071010B.
The standard GRB afterglow model assumes an initially steady energy. The GRB is produced by the "internal shocks," i.e., a series of collisions between shells moving at different velocities. The energy hence changes when the slow material starts to be left behind. As the initially high-speed material is slowed down by the surrounding environment, the slower material eventually catches up and produces refreshed shocks. Significant continuous energy injection is possible and influences the fireball during the deceleration phase. The forward shocks will be refreshed and decelerate slower than in the standard scenario. This would change the decay slope of the light curve from the canonical one to a shallower one, as is evidenced in GRB 071010B.
Energy injection is expected if the energy distribution over the fireball surface is not uniform. The two-component jet and the patchy jet model have been proposed to explain the nonuniformity. The two-component jet model requires one component to be ultrarelativistic to power the GRB, whereas the other component is a moderately relativistic cocoon (Meśzaŕos & Rees 1993; Berger et al. 2003; Zhang et al. 2004; Huang et al. 2004; Granot 2005) . The afterglow of the cocoon contains more energy than the narrow component, thereby producing a noticeable "bump" in the light curve, instead of just changing the rate of the flux decay, but such a bump should be visible only after s after the burst (e.g., GRB 030329; Huang et 4 10 al. 2006) . It is obvious that the two-component jet model cannot explain the GRB 071010B light curve.
Alternatively, the light curve of GRB 071010B can be explained by the patchy jet model (Kumar & Piran 2000) , which assumes the initial fireball ejecta to have large energy fluctuations in angular direction. This results in jets with distributed values of the Lorentz factor (G), so observers along different viewing angles would receive different fluxes. Furthermore, with diversified values of , emission from different patches 1/G becomes observable at different time, thus rendering a shallow afterglow light curve as detected in GRB 071010B.
In summary, the prompt optical emission for GRB 071010B was detected within 1 minute after the burst. No significant correlation with the prompt g-ray emission was found. Our data of the first 3 minutes combined with measurements made by other groups within 2 days after the burst show the temporal evolution of GRB 071010B to consist of a slight brightening followed by a shallow decay. It is likely that the synchrotron peak frequency passed through the optical wavelengths and caused the early brightening, whereas the continuous injection by patchy jets was responsible for the slow decay that followed. The detection of GRB 071010B demonstrates the potential of the TAOS system to respond efficiently to a GRB alert to detect both prompt optical emission and early afterglow.
